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HIGHLIGHTS 


•  Li  ion  full  cells  employing  Si— graphene  anodes  were  used  in  this  study. 

•  FEC  additive  improves  cyclability  of  the  full-cell  by  formation  of  good  SEI. 

•  5  wt.%  FEC  is  optimum  with  high  capacity  and  low  capacity  fade. 

•  5  wt.%  FEC  forms  less  amount  of  SEI  compounds  consuming  Li+. 
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When  fluoroethylene  carbonate  (FEC)  is  added  to  the  ethylene  carbonate  (EC)-diethyl  carbonate  (DEC) 
electrolyte,  the  capacity  and  cyclability  of  full-cells  employing  Si-graphene  anode  and  lithium  nickel 
cobalt  aluminum  oxide  cathode  (NCA)  cathode  are  improved  due  to  formation  of  a  thin  (30—50  nm)  SEI 
layer  with  low  ionic  resistance  (~2  ohm  cm2)  on  the  surface  of  Si-graphene  anode.  These  properties  are 
confirmed  with  electrochemical  impedance  spectroscopy  and  a  cross-sectional  image  analysis  using 
Focused  Ion  Beam  (FIB)-SEM.  Approximately  5  wt.%  FEC  in  EC:DEC  (1:1  wt.%)  shows  the  highest  capacity 
and  most  stability.  This  high  capacity  and  low  capacity  fade  is  attributed  to  a  more  stable  SEI  layer 
containing  less  C^OCC^Li,  Li2C03  and  LiF  compounds,  which  consume  cyclable  Li.  Additionally,  a  greater 
amount  of  polycarbonate  (PC),  which  is  known  to  form  a  more  robust  passivation  layer,  thus  reducing 
further  reduction  of  electrolyte,  is  confirmed  with  X-ray  photoelectron  spectroscopy  (XPS). 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs)  are  the  power  source  of  choice  for 
both  portable  devices  and  electric  vehicles  1,2].  In  order  for  elec¬ 
trical  vehicles  with  LIBs  to  be  embraced  more  fully,  the  specific 
energy  of  LIBs  needs  to  be  improved  without  sacrificing  safety, 
material  availability,  and  cost.  Silicon,  as  a  negative  electrode  ma¬ 
terial  with  various  morphologies  or  nanostructures,  is  one  possible 
solution  because  lithiated  silicon  provides  high  specific  energy 
(4200  mAh  g-1)  and  is  an  earth  abundant  material  [3-5].  However, 
silicon  expands  up  to  300%  during  lithiation.  Repeated  non-uniform 
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dilation  and  contraction  pulverizes  the  silicon,  leading  to  a  loss  of 
electrical  contact  and  rapid  capacity  fading  [6].  One  mitigation  is  to 
form  a  silicon-graphene  composite.  The  graphene  is  used  as  a 
buffer  material  and  enhances  electrical  conductivity  of  the  elec¬ 
trode  [7-16].  Even  so,  loss  of  electrical  conductivity  is  not  the  only 
cause  of  capacity  fading.  Indeed,  several  mechanisms,  such  as  phase 
change,  insertion  of  solvated  lithium,  and  electrolyte  reduction 
throughout  cycling,  can  also  contribute  to  irreversible  loss  of  ca¬ 
pacity  [17,18].  The  last  two  phenomena,  although  not  avoided 
completely,  are  at  least  controlled  by  the  formation  of  a  stable  solid 
electrolyte  interphase  (SEI)  on  the  surface  of  electrode  during  for¬ 
mation  [19—22]. 

Thus,  the  quality  of  SEI  is  a  major  factor  that  determines  capacity 
and  power  capability,  lithium  deposit  morphology,  and  cyclability. 
A  good  SEI  should  be  uniform,  adhere  well  to  the  anode,  and  have 
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high  ionic  and  electrical  conductivity  [19-22  .  The  SEI  is  formed 
from  the  reduction  and  polymerization  of  the  electrolyte  solvents. 
Additives  to  the  electrolyte  can  improve  the  quality  and  composi¬ 
tion  of  the  SEI  [23-27].  Specifically,  fluoro-ethylene  carbonate 
(FEC)  has  been  shown  to  be  effective  in  reducing  irreversible  ca¬ 
pacity  loss  and  lowering  capacity  fade  for  several  carbon  and  silicon 
based  anode  materials  [23-27].  The  effect  of  FEC  additives  on  Si- 
graphene  anodes  has  been  reported  only  for  half-cells.  In  contrast 
to  half  cells  with  a  lithium  foil  counter  electrode,  with  full-cells 
using  practical  electrodes  there  is  a  limited  supply  of  lithium  pro¬ 
vided  by  the  positive  electrode.  Therefore,  in  addition  to  the  in¬ 
crease  in  internal  resistance  of  the  cell  attributed  to  SEI  formation 
[26],  lithium  consumed  in  the  formation  of  the  SEI  is  no  longer 
available  for  cycling.  The  effect  of  the  FEC  additive  on  the  properties 
of  the  SEI  layer  formed  on  the  Si-graphene  anode  is  not  yet  fully 
understood,  and  the  optimization  of  the  FEC  contents  has  not  yet 
been  investigated,  especially  in  the  full-cells. 

For  these  reasons,  the  optimal  content  of  FEC  additive  was 
investigated  in  order  to  enhance  the  performance  of  a  Li-ion  full¬ 
cell  battery  using  nano  Si-graphene  composite  anode  and  NCA  (Li 
[Ni0.8Coo.i5Alo.o5]02)  cathode.  The  influence  of  the  FEC  on  the 
electrochemical  and  morphological  behavior  of  the  SEI  layer 
formed  on  Si-graphene  anode  was  specifically  studied  using  the 
electrochemical  impedance  spectroscopy  (EIS),  Focused  Ion  Beam 
(FIB)-Scanning  Electron  Microscopy  (SEM),  and  X-ray  Photoelec¬ 
tron  Spectroscopy  (XPS). 

2.  Experimental  methods 

2.1.  Electrode  preparation 

In  this  study,  we  used  a  Si— graphene  negative  electrode  and  a  Li 
[Ni0.8Coo.i5Alo.o5]02  (NCA)  positive  electrode  for  the  full-cells.  The 
Si-graphene  electrode  is  composed  of  nano-spherical  Si  particles, 
nano-sized  multi-layered  plate-like  graphene,  and  polyacrylic  acid 
(PAA)  binder  (Sigma  Aldrich)  and  conductive  additive  of  micro-sized 
multi-layered  graphene  [26].  NCA  with  a  graphitic  carbon 
conductive  additive  and  polyvinylidenefluoride  (PVdF)  binder 
formed  the  positive  electrode  [26]. 

2.2.  Cell  assembly 

All  full-cells  were  fabricated  as  pouch-type  cells  with  an  active 
area  of  9  cm2.  The  mass  loadings  of  active  material  (anode:cathode) 
were  0.0141  g:0.131  g,  indicating  that  the  design  capacity  of  anode 
is  1.15  times  more  than  that  of  cathode  based  on  the  measured 
capacity  in  half  cells  after  the  1st  formation  cycle  26].  The  elec¬ 
trolyte  used  was  EC:DEC  =1:1  (wt.%)  with  1  M  LiPFg,  and  the 
electrolyte  of  2.5  ml  was  applied  for  one  pouch  cell.  To  investigate 
the  effect  of  FEC  content  on  the  cycling  behavior  of  the  cells,  0  to 
20  wt.%  of  FEC  was  added  to  the  EC-DEC  electrolyte.  A  microporous 
trilayer  membrane  ( Celgard  2325 )  was  used  as  a  separator.  The  half 
cell  used  in  this  study  was  composed  of  the  Si-graphene  electrode 
and  extra  pure  Li  metal  (reference/counter)  with  active  area  of 
1.584  cm2. 

2.3.  Electrochemical  analysis 

To  characterize  the  electrochemical  properties  of  the  full-cells, 
capacity-voltage  (C-V)  tests  were  performed  at  C/15  for  the  1st 
charge  and  discharge  cycle  and  C/2  for  subsequent  cycles.  The  C/15 
is  based  on  theoretical  capacity  and  C/2  on  measured  1st  cycle 
capacity.  All  cycling  tests  were  conducted  at  room  temperature 
( ~20  °C)  using  an  Arbin  battery  cycler.  The  full-cells  were  charged 
to  4.2  V  at  constant  current  (CC)  and  then  held  at  constant  voltage 


(CV)  until  the  current  was  half  of  applied  C-rate.  Discharges  were 
done  at  CC  to  a  cut-off  potential  of  2.75  V. 

Electrochemical  Impedance  Spectroscopy  (EIS)  of  full-cells  was 
conducted  at  either  a  nearly  full  state  of  charge  (SOC)  of  4.09-4.12  V 
or  in  the  fully  discharged  state  of  3.0— 3.1  V  using  a  potentiostat.  The 
frequency  was  scanned  from  1  MHz-0.01  Hz  using  a  5  mV  ampli¬ 
tude  perturbation.  The  values  for  resistances  of  individual  compo¬ 
nents  were  determined  with  a  fitting  program.  The  half  cells  of  Si- 
graphene  electrode  were  cycled  between  0.05  and  1.0  Vy +/u-  The 
EIS  tests  of  the  half  cells  were  performed  at  fully  charged  (deli- 
thiated  electrode)  states  of  0.75-0.78  VLi+/u. 

2.4.  Postmortem  analysis 

For  surface  characterization,  the  cells  were  opened  in  an  Ar- 
filled  glove  box  and  washed  gently  for  5  min  in  extra  pure 
dimethyl  carbonate  (DMC)  solvent  ( Sigma  Aldrich)  to  remove  Li 
salts,  and  the  samples  were  stored  in  the  packs  filled  with  Ar  before 
analysis. 

To  observe  the  morphologies  of  the  surface  of  the  electrodes,  the 
High  Resolution  (HR)-SEM  ( Hitachi  SU8000)  was  used.  To  observe 
the  morphologies  of  SEI  layers  and  measure  the  thickness,  the 
electrode  surfaces  were  cut  with  cubic  shapes  (10  x  10  x  5  pm)  by  a 
focused  ion  beam  (FIB),  and  then  the  inside  cross-section  was 
observed  using  a  SEM  ( Nova  nanolab  FEI 200). 

To  examine  the  compounds  of  SEI  compound,  X-ray  photo¬ 
electron  spectroscopy  ( Kratos  XPS)  analysis  was  performed.  The 
obtained  XPS  peaks  were  separated  into  several  peaks  with  a  fitting 
program  (XPS  Peak ),  and  then  the  separated  peaks  were  confirmed 
as  individual  chemical  components  by  indexing  the  binding  energy. 

3.  Results  and  discussion 

3.1.  Effect  of  FEC  content  on  the  formation  cycle  and  capacity  fade 

Fig.  1(a)  shows  the  capacity  fade  of  the  full-cells  (anode:  Si- 
graphene,  cathode:  NCA)  for  0,  5,  10,  and  20  wt.%  FEC  in  EC:DEC 
(1:1  wt.%)  electrolyte  with  1  M  LiPF6.  The  cell  was  charged  and 
discharged  at  C/2  except  for  1st  cycle  (C/15).  The  cell  with  5%  FEC 
showed  the  highest  capacity  and  highest  capacity  retention 
through  50  cycles.  The  values  of  charge  capacity  and  capacity 
retention  are  summarized  in  Table  1.  Whereas  the  charge  capacity 
of  the  cell  with  5%  FEC  increased  slightly  as  shown  in  Fig.  1(b),  the 
charge  capacity  of  the  other  cells  decreased  by  an  average  of  25.6% 
between  the  1st  and  2nd  charges.  Although  the  cell  with  5%  FEC 
showed  a  large  decrease  in  1st  discharge  capacity  similar  to  the 
others,  its  capacity  was  almost  recovered  beginning  with  the  2nd 
charge  cycle.  This  behavior  is  considered  likely  due  to  complete 
formation  of  more  stable  SEI  layer  in  the  1  st  discharge  cycle  of  the 
cell  with  5%  FEC.  It  is  evident  that  the  cell  with  5%  FEC  exhibited 
higher  coulombic  efficiency  than  the  cell  without  FEC,  especially 
during  the  first  ten  cycles  (Fig.  l(c  and  d)).  In  particular,  the  effi¬ 
ciency  of  the  cell  with  5%  FEC  exceeded  99.0%  after  the  3rd  cycle. 

The  cells  with  10%  and  20%  FEC  behaved  the  same  as  the  cell 
without  FEC  on  the  1st  cycle,  but  after  the  3rd  cycle  the  capacities 
for  cells  with  FEC  recovered  slightly  and  then  stabilized.  These  data 
indicate  that  the  SEI  layer  becomes  stable  after  5  cycles.  After  25 
cycles,  the  capacity  of  the  cells  with  10  and  20%  FEC  was  about  15% 
lower  than  that  for  the  5%  FEC  cell,  but  more  than  16%  higher  than 
that  the  cell  without  FEC  (0%  FEC).  After  the  initial  cycles,  the  rate  of 
capacity  decrease  was  similar  for  all  cells. 

From  the  above  results,  it  is  notable  that  FEC  additive  can 
improve  the  initial  irreversible  capacity  loss  of  the  full-cell 
employing  Si-graphene  anode  during  initial  formation  cycling. 
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Fig.  1.  (a)  Capacity  fade  of  the  full  pouch  cells  containing  0,  5, 10  or  20%  FEC  in  the  EC-DEC  (1:1  wt.%)  electrolyte  over  50  cycles,  (b)  Close-up  of  (a)  during  first  7  cycles  showing  both 
charge  and  discharge  capacity,  (c)  Coulombic  efficiency  for  the  full  pouch  cell  containing  0  and  5%  FEC  in  the  EC-DEC  electrolyte,  and  (d)  close-up  during  first  10  cycles. 


Furthermore,  5%  FEC  is  more  effective  than  higher  contents  of  FEC 
(10%  and  20%). 

According  to  the  reaction  pathway  proposed  by  Etacheri  et  al., 
[23],  polycarbonate  (PC)  is  formed  through  the  polymerization  of 
vinylene  carbonates  (Re.  2),  which  is  generated  by  the  decompo¬ 
sition  of  FEC  (Re.  1) 

FEC  +  R— O  Li+  ->  VC  (vinylene  carbonate)  +  R-OH  +  LiF  (Re.l) 

[VC]n  +  ne_  -►  PC  (polycarbonate)  (Re.2) 

Polycarbonate  (PC)  is  an  electrochemically  and  structurally 
stable  polymer,  and  hence  a  good  SEI  compound  with  high  stability 


Table  1 

Charged  capacity  and  capacity  fade  ratio  of  the  full-cells  (anode:  Si— graphene, 
Cathode:  NCA)  with  various  FEC  additive  contents  in  the  EC-DEC  (1:1  wt.%)  elec¬ 
trolyte  during  50  cycles. 


FEC  content 
in  the  EC-DEC 
electrolyte 

Charged/Discharge  capacity/mAh 

Capacity  fade 
ratio  from  1st 
to  50th  cycle/% 

1st 

2nd 

25th 

50th 

0% 

20.3/13.4 

14.6/13.3 

12.7/12.7 

11.0/10.9 

45.8% 

5% 

19.0/12.8 

19.8/18.5 

17.6/17.6 

15.8/15.7 

18.2% 

10% 

18.9/13.0 

14.9/13.1 

14.9/14.9 

13.2/13.1 

30.2% 

20% 

22.8/15.7 

16.5/15.1 

14.8/14.7 

12.6/12.5 

44.7% 

[23].  Flowever,  concomitant  with  the  formation  of  PC,  LiF  is  pro¬ 
duced  from  the  elimination  of  HF  from  FEC  (Re.  1).  Because  the 
amount  of  Li  ions  of  the  full-cell  is  limited  by  the  positive  electrode, 
the  consumption  of  Li  ions  can  affect  directly  the  cell  capacity. 


Binding  Energy  /  eV 


Fig.  2.  XPS  survey  (C  Is  and  F  Is)  of  50th  cycled  Si-graphene  anode  from  the  full-cells 
employing  NCA  cathode  with  (a)  0%,  (b)  5%,  (c)  10%  FEC  additive  content  in  the  EC-DEC 
electrolyte. 
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Fig.  3.  EIS  Nyquist  plots  of  the  5th  cycled  (a)  charged  and  (b)  discharged  full-cells  with  0%  and  5%  FEC  in  the  EC-DEC  electrolyte.  Effects  of  cycling  on  the  EIS  Nyquist  plot  of 
discharged  full-cells  (c)  with  0%  FEC  and  (d)  5%  FEC  in  the  electrolyte. 


As  shown  in  the  XPS  survey  of  the  cell  after  50  cycles  (Fig.  2),  it 
was  found  that  with  increasing  FEC  content  from  0  to  10%,  the  in¬ 
tensity  of  F  Is  peak  at  685  eV,  corresponding  to  LiF  (684.8- 
685.1  eV),  increased  relative  to  that  of  C  Is  peak.  This  comparative 
growth  indicates  that  more  cyclable  Li  is  consumed  with  increasing 
in  FEC  content.  Consequently,  the  cells  with  more  than  10  wt.%  FEC 


Fig.  4.  EIS  Nyquist  plots  of  the  5th  cycled  and  delithiated  half  Si-graphene  cell  with  0% 
and  5%  FEC  in  the  EC-DEC  electrolyte  (inside:  equivalent  circuit  for  EIS  fitting). 


in  the  EC— DEC  electrolyte  were  expected  to  have  a  lower  initial 
capacity  compared  to  cells  with  5%  FEC  due  to  the  greater  con¬ 
sumption  of  the  Li  in  the  full-cell.  Flowever,  a  cell  with  2.5  wt.%  FEC 
showed  no  improvement  compared  to  a  cell  without  FEC  (the  data 
are  not  presented  in  this  manuscript).  It  is  suspected  that  with  too 
low  of  an  FEC  content,  a  dense,  complete  SEI  layer  is  not  formed. 
Therefore,  it  was  concluded  that  5%  FEC  is  near  optimal  to  improve 
the  cyclability  of  the  full-cells  employing  the  Si-graphene  anode. 

3.2.  Effect  of  FEC  additive  on  the  SEI  resistances  of  full-cells  (by  EIS) 

EIS  is  a  powerful  tool  to  investigate  the  kinetics  of  reactions  and 
diffusion  processes  occurring  in  the  electrodes,  surface  films,  and 
electrolyte  [28-30].  A  typical  Nyquist  plot  for  the  full-cell  Li-ion 
battery  consists  of  a  high-frequency  Z[m  -intercept,  first  high- 


Table  2 

The  resistances  of  Solid-Electrolyte-Interface  (SEI)  layers  of  the  full-cells  (anode:  Si- 
graphene  composite,  cathode:  NCA)  with  0%  and  5%  FEC  after  various  cycles,  which 
is  from  the  fitting  results  of  Nyquist  plots  of  Fig.  3(c)  and  (d). 


Number  of  cycle 

KsEi/ohm  cm2 

0%  FEC 

5%  FEC 

1 

12.4 

0.83 

5 

11.7 

1.86 

30 

15.3 

1.89 

50 

15.4 

2.25 
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Fig.  5.  HR-SEM  surface  morphologies  of  Si-graphene  anode  (a)  before  and  after  50th  cycling  from  the  discharged  pouch  full-cells  with  (b)  0%  FEC  and  (c)  5%  FEC  in  the  EC-DEC 
(1:1  wt.%)  electrolyte. 


frequency  semi-circle,  the  second  middle-frequency  semi-circle, 
and  a  low-frequency  curve.  These  features  are  roughly  attributed  to 
the  resistances  of  electrolyte,  the  SEI  films  (mostly  on  negative 
electrode),  the  charge-transfer  resistance,  and  diffusion,  respec¬ 
tively  [26,28].  In  order  to  estimate  the  SEI  resistance,  the  focus  was 
on  the  evolution  of  the  1  st  semi-circle  in  the  high-frequency  range 
between  1  MHz  and  1  kHz.  Fig.  3  (a)  and  (b)  shows  the  Nyquist  plots 
after  the  5th  cycle  of  charged  and  discharged  full-cells,  respectively. 
The  SEI  resistances  (Rsei)  of  charged  full-cells  with  0%  FEC  and  5% 
FEC  were  7.84  and  2.10  ohm-cm2,  and  those  of  discharged  full-cells 
were  11.7  and  1.86  ohm-cm2.  From  the  Nyquist  plot  of  delithiated 
(5th  cycled)  half  Si-graphene  cells  of  Fig.  4,  the  Rsei  was  8.1  ohm- 
cm2  and  2.2  ohm-cm2  in  the  cell  with  0%  and  5%  FEC,  respectively, 
which  is  similar  to  the  values  of  full-cells,  leading  to  the  fact  that 
the  Rsei  of  the  full-cell  is  mostly  affected  by  the  Si-graphene  anode. 
Moreover,  it  is  notable  that  the  Rsei  of  the  cell  with  5%  FEC  is  4-6 
times  smaller  than  that  for  the  cell  without  FEC  (0%  FEC),  indicating 
that  FEC  additive  can  result  in  an  SEI  layer  with  improved  the  ionic 
resistance. 

From  the  Nyquist  plots  of  Fig.  3(c)  and  (d),  it  was  found  that  with 
an  increase  in  number  of  cycle  (1-50),  the  Rsei  increased  slightly. 
The  values  were  summarized  in  Table  2.  After  50  cycles,  the  Rsei  of 
the  cell  without  FEC  increased  to  15.4  ohm-cm2  and  the  resistance 
for  5%  FEC  increased  to  2.25  ohm-cm2.  Nonetheless,  the  value  of  SEI 
resistance  for  the  cell  with  5%  FEC  was  still  small,  and  6.8  times 
lower  than  that  for  the  cell  without  FEC.  These  results  indicate  that 
the  positive  impact  of  the  addition  of  FEC,  which  improve  the  ionic 
conductivity  of  SEI  layer,  is  effective  for  at  least  50  cycles.  This 
behavior  can  support  the  fact  that  the  capacity  after  50  cycles  of  the 
cell  with  5%  FEC  (1.70  mAh)  is  higher  than  that  without  FEC 
(1.18  mAh)  as  shown  in  Fig.  1(a)  and  Table  1. 


3.3.  Effect  of  FEC  additive  on  the  morphology  of  Si-graphene  anode 

SEM  images,  Fig.  5(a)— (c),  show  the  surface  morphology  of  the 
Si-graphene  composite  anode  in  the  pristine  state  and  after  50 
cycles  for  full-cells  with  0%  FEC  and  5%  FEC.  As  shown  in  Fig.  5(b), 
on  the  anode  without  FEC  (0%  FEC),  an  abundant,  bright,  oxide  layer 
covered  the  surface  of  the  anode  randomly;  and  a  crack  of  10  pm  in 
width  was  seen  on  the  surface.  However,  after  50  cycles  the  surface 
of  the  Si-graphene  anode  with  5%  FEC  was  almost  unchanged 
compared  to  pristine  material  (Fig.  5(a)).  It  was  thought  that 
abundant  SEI-like  oxide  layer  made  the  Si-graphene  surface 


50  cycles,  5%  FEC 
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Fig.  6.  X-ray  photo-electron  spectroscopy  (XPS)  of  Si-graphene  anode  before  and  after 
50th  cycling  from  the  discharged  pouch  full-cells  with  0%  and  5%  FEC  for  Si  2p  orbital. 
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Fig.  7.  FIB-SEM  cross-sectional  images  of  Si-graphene  anode  (a)  before  and  after  50th  cycling  from  the  discharged  pouch  full-cells  with  (b)  0%  and  (c)  5%  FEC  in  the  EC-DEC 
(1:1  wt.%)  electrolyte.  Ion  Beam  surface  images  of  Si-graphene  anode  (d)  before  and  after  50th  cycling  from  the  discharged  pouch  full-cells  with  (e)  0%  and  (f)  5%  FEC. 


brittle,  and  then  the  crack  was  produced  during  cycling  in  the  full¬ 
cell  without  FEC. 

Nevertheless,  both  surfaces  showed  an  increase  in  sizes  of 
agglomerated  particles  presumably  due  to  formation  of  outer  SEI- 
like  layer  after  cycling.  The  XPS  analysis  of  Si  2p  (Fig.  6)  is 
straightforward.  The  pristine  anode  displayed  two  broad  peaks 
attributed  to  Si-Si  bonds  and  Si-0  bonds,  whereas  the  two  cycled 
samples  do  not  present  any  peak,  indicating  that  an  outer  layer 
thick  enough  to  preclude  detection  of  interior  Si  was  formed. 

To  discern  this  SEI-like  layer  more  clearly,  the  cross-sectional 
images  of  the  materials  were  observed  by  FIB-SEM.  Fig.  7(a)— (c) 
shows  the  cross-sections  of  agglomerated  Si-graphene  composite 
particles  from  pristine  state  and  from  the  full-cell  after  50  cycles 
with  0%  FEC  and  5%  FEC.  The  pristine  electrode  had  no  outer  layer 
on  the  surface  (Fig.  7(a)),  whereas  the  cycled  electrode  without  FEC 
showed  the  distinctly  bright  and  rough  layer  on  the  surface 
(Fig.  7(b)).  The  layer  is  considered  to  be  the  SEI  according  the 
previous  reported  images  [31,32].  The  oxide  layer,  such  as  SEI  with 
relatively  low  electrical  conductivity,  looks  bright  in  SEM  because 
the  electron  was  focused  on  the  area.  As  shown  in  Fig.  7(b)  and  (c), 
the  electrode  with  5%  FEC  had  a  much  thinner  and  more  uniform 
SEI  layer  compared  to  the  cell  without  FEC.  The  thickness  of  SEI 
without  FEC  was  100-150  nm,  whereas  that  with  5%  FEC  was  30- 
50  nm.  This  fact  can  also  confirmed  by  ion-beam  images  of  Si- 
graphene  anode  after  cutting  by  ion-beam  (Fig.  7(d)-(f)).  In 


Fig.  7(e)  and  (f),  it  was  observed  that  the  dramatically  bright  outside 
layer  was  covered  on  the  agglomerated  Si-graphene  particles 
cycled  in  the  full-cells  without  FEC,  whereas  that  with  5%  FEC 
showed  a  less  bright  layer. 


Binding  energy  /eV 


Fig.  8.  X-ray  photo-electron  spectroscopy  (XPS)  of  Si-graphene  anode  before  and  after 
50th  cycling  from  the  discharged  pouch  full-cells  with  0%  and  5%  FEC  for  C  Is  orbital. 
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3.4.  Effect  ofFEC  additive  on  the  surface  composition  (SEI)  of  Si- 
graphene  anode  (XPS) 

The  composition  of  the  SEI  layer  on  the  surface  of  Si-graphene 
anode  can  be  confirmed  by  XPS.  Fig.  8  shows  the  XPS  peaks  ob¬ 
tained  between  292  and  282  eV  binding  energy  (carbon  Is  orbital) 
of  pristine  and  cycled  Si— graphene  anode  from  the  full-cells  with 
0%  and  5%  FEC.  The  pristine  Si-graphene  showed  the  typical  XPS 
Cls  peaks  of  graphene  [33].  The  284.5  eV  peak  is  from  the  hexa- 
tomic  C— C  ring  bonding  of  graphene.  The  other  peaks  presenting  at 
285.1,  286-287,  and  289.0  eV  correspond  to  C-O,  C=0,  and  0-C= 
O  bonding,  respectively.  With  relatively  decreasing  in  the  intensity 
of  the  carbon  oxides  peaks  based  on  that  of  C— C  peak  at  284.5  eV, 
the  quality  of  graphene  increased  [33]. 

The  composite  Si-graphene  after  50  cycles  has  several  peaks  in 
the  oxidized  binding  energy  of  around  286-290  eV.  In  particular, 
three  oxidized  peaks  were  detected  at  288-290  eV,  and  it  was 
confirmed  to  be  the  SEI  compounds  such  as  CH20C02Li  and  Li2C03 
(— R— CH20C02Li:  288-289  eV,  -Li2C03:  290  eV,  -R-CH20C02Li: 
290-291  eV  [27,34,35]),  which  are  produced  by  reduction  of  EC  and 
DEC  electrolyte  [23  ].  With  the  addition  of  5%  FEC,  the  intensity  (area) 
of  the  peaks  corresponding  to  SEI  compounds  of  CH20C02Li  and 
Li2C03  decreased  greatly  based  on  the  main  graphene  C-C  bonding 
peak  (284.5  eV),  whereas  the  peak  of  near  286  eV  increased  a  little. 
Because  the  binding  energy  of  near  286  eV  is  mostly  from  the  single 
and  double  bonding  of  C  and  O  and  the  intensity  of  peak  increased  by 
an  addition  of  FEC,  the  increment  is  likely  due  to  formation  of  pol¬ 
ycarbonate  (PC)  with  many  C  and  O  bonds.  The  polycarbonate  is  well 
known  as  a  good  SEI  compound  with  high  structural  stability  and 
high  passive  property  from  further  decomposition  of  electrolyte  and 
consumption  of  Li  ions  23]. 

4.  Conclusions 

We  investigated  the  effect  of  electrolyte  additive  of  fluoro- 
ethylene  carbonate  (FEC)  on  the  capacity  fade  of  full-cells 
employing  the  Si-graphene  anode  and  NCA  cathode  and  opti¬ 
mize  the  FEC  content  in  order  to  improve  the  capacity  and  cycla- 
bility.  When  FEC  was  added  to  the  EC-DEC  (1:1  wt.%)  electrolyte  in 
the  range  of  5-20  wt.%  FEC,  the  initial  cyclability  and  capacity  of  the 
full-cell  was  improved.  In  particular,  the  optimized  content  of  FEC 
was  5%,  which  showed  the  highest  capacity  and  most  stable 
cyclability.  It  was  attributed  to  the  thin  (30-50  pm)  and  uniform  SEI 
formation  with  low  ionic  resistance  (~2  ohm  cm2)  on  the  elec¬ 
trode,  which  can  depend  the  further  dissolution  of  electrolyte  and 
the  exhaustion  of  Li-ions  in  the  full-cell.  From  the  cross-sectional 
images  of  Si— graphene  anodes  using  FIB-SEM,  it  was  confirmed 
that  the  cycled  anode  with  5%  FEC  had  more  than  3  times  thinner 
SEI  layer  than  that  without  FEC.  From  the  XPS  analysis,  it  was  found 
that  by  an  addition  of  5%  FEC  the  SEI  compounds  to  consume  Li  ions 
such  as  CH20C02Li,  Li2C03,  and  LiF  decreased,  and  polycarbonate 
(PC)  with  high  stability  and  good  passive  property  increased. 
However,  2.5%  FEC  did  not  exhibit  the  positive  effects  (similar 
behavior  with  the  cell  without  FEC)  likely  due  to  less  production  of 
PC  and  more  than  10%  FEC  showed  less  improvement  than  5%  FEC 
due  to  more  production  of  LiF  to  consume  Li  ions  in  the  full-cells. 
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